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ABSTRACT	  
	  The	   impacts	   of	   dry	   air	   on	   tropical	   cyclone	   formation	   are	   examined	   in	   the	  numerical	  model	  simulations	  of	  ex-­‐Gaston	  (2010)	  and	  pre-­‐Fay	  (2008).	  	  The	  former	  can	   be	   regarded	   as	   a	   non-­‐developing	   system	   as	   it	   failed	   to	   redevelop	   after	   being	  downgraded	   into	   a	   remnant	   low,	   and	   the	   latter	   developed	   into	   a	   tropical	   cyclone	  despite	   lateral	   dry	   air	   entrainment	   and	   transient	   upper-­‐level	   dry	   air	   intrusion.	  Backward	  trajectory	  analysis	  and	  water	  budget	  analysis	  show	  that	  vertical	  transport	  of	  dry	  air	  from	  the	  upper	  troposphere,	  where	  a	  well-­‐defined	  wave	  pouch	  is	  absent,	  contributes	  to	  mid-­‐level	  drying	  near	  the	  pouch	  center	  and	  the	  non-­‐development	  of	  ex-­‐Gaston.	  	  Water	  vapor	  budget	  analysis	  at	  the	  pre-­‐genesis	  stage	  shows	  that	  vertical	  moisture	   advection	   plays	   the	   dominant	   role	   in	   moistening	   the	   free	   atmosphere.	  Persistent	   mid-­‐level	   drying	   is	   shown	   to	   suppress	   deep	   convection	   and	   reduce	  moisture	   supply	   to	   the	   free	   atmosphere.	   Three-­‐dimensional	   trajectory	   analysis	  based	   on	   the	   numerical	   simulation	   of	   Fay	   suggests	   that	   dry	   air	   entrained	   at	   the	  pouch	  periphery	  does	  not	  penetrate	  to	  the	  pouch	  center	  due	  to	  the	  weak	  mid-­‐level	  inflow.	  	  Moreover,	  it	  is	  shown	  that	  dry	  air	  gets	  moistened	  as	  it	  is	  being	  wrapped	  into	  the	  wave	  pouch,	   and	   lateral	  entrainment	   in	   the	  middle	   troposphere	   thus	  does	  not	  suppress	   convection	   near	   the	   pouch	   center	   or	   prevent	   development	   of	   tropical	  storm	  Fay.	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   1	  CHAPTER	  1	  INTRODUCTION	  	   One	   factor	  believed	   to	   affect	   tropical	   cyclone	   formation	   is	  dry	   air	   intrusion	  (Dunion	  and	  Velden	  2004,	  Lau	  and	  Kim	  2007a,b,	  Sun	  et	  al.	  2008),	  particularly,	  over	  the	   North	   Atlantic,	   where	   portions	   of	   the	   basin	   are	   characteristically	   dry	   due	   to	  large-­‐scale	  subsidence	  and	  frequent	  Saharan	  dust	  outbreaks	  (Riehl	  et	  al.	  1951;	  Picon	  and	   Desbois	   1990;	   Sherwood	   1996;	   Soden	   and	   Bretherton	   1996;	   Pierrehumbert	  1998;	  Soden	  1998;	  Zhang	  and	  Pennington	  2004;	  Braun	  2010).	  	  Although	  the	  impact	  of	   the	   Saharan	   Air	   Layer1	   (SAL)	   on	   tropical	   cyclone	   activity	   over	   the	   Atlantic	   has	  attracted	  a	  great	  deal	  of	  attention	  in	  the	  recent	  decade,	  it	  remains	  controversial	  how	  dry	  air	  might	  affect	  tropical	  cyclone	  formation	  (Braun	  2010)	  and	  the	  mechanisms	  of	  dry	  air	  impacts	  on	  convection	  are	  still	  not	  well-­‐understood.	  	   Using	  GOES	  split-­‐window	  satellite	  imagery	  and	  GPS	  dropsonde	  data,	  Dunion	  and	  Velden	  (2004)	  suggested	  that	  the	  SAL	  suppressed	  tropical	  cyclone	  activity	  over	  the	  Atlantic.	   	  They	  hypothesized	  that	  dry	  air	  may	  affect	   tropical	  cyclone	  activity	   in	  three	   main	   ways:	   i)	   dry,	   stable	   air	   entrained	   into	   the	   storm	   may	   promote	  convectively	   driven	   downdrafts;	   ii)	   the	  warm,	   dry	   air	  mass	   north	   of	   the	  midlevel	  easterly	   jet	   may	   increase	   low-­‐level	   wind	   shear	   by	   enhancing	   the	   meridional	  temperature	   gradient;	   and	   iii)	   the	   enhancement	   of	   the	   pre-­‐existing	   trade	   wind	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1A	   layer	   of	   dry,	   dusty	   Saharan	   air	   existing	   over	   portions	   of	   the	  North	  Atlantic	   Ocean	   between	   the	  Sahara	  Desert	  and	  the	  United	  States	  during	  early	  Spring	  and	  late	  Fall.	  	  The	  depth	  of	  the	  SAL	  extends	  from	  approximately	  850	   to	  550	  hPa	  and	   is	  characterized	  by	  nearly	  constant	  potential	   temperature	  and	  water	   vapor	  mixing	   ratio	   (Braun	   2010;	   Carlson	   and	   Prospero	   1972;	   Karyampudi	   and	   Carlson	  1988).	  	  
	   2	  inversion	  would	  arguably	  stabilize	  the	  environment.	  	  Based	  on	  a	  comparison	  to	  the	  2005	  hurricane	  season,	  Lau	  and	  Kim	  (2007a,b)	  and	  Sun	  et	  al.	  (2008)	  attributed	  the	  reduced	  tropical	  cyclone	  activity	  during	  the	  2006	  and	  2007	  hurricane	  seasons	  to	  the	  increased	   SAL	   activity.	   Evan	   et	   al.	   (2006),	   moreover,	   identified	   an	   inverse	  relationship	  between	  the	  North	  Atlantic	  tropical	  cyclone	  days	  and	  the	  atmospheric	  dust	  cover	  based	  on	  a	  statistical	  analysis	  of	  the	  time	  period	  between	  1982	  and	  2005.	  	   The	   negative	   influences	   of	   the	   SAL	   on	   tropical	   cyclone	   intensification,	  however,	  were	  disputed	  recently	  by	  Braun	  (2010).	  	  He	  showed	  through	  a	  composite	  analysis	   that	   intensifying	   and	   weakening	   storms	   do	   not	   demonstrate	   significant	  differences	  in	  the	  humidity	  field,	  and	  therefore	  suggested	  that	  the	  dry	  SAL	  air	  only	  weakly	   affects	   tropical	   storm	   intensity.	   	   Braun	   (2010)	   further	   suggested	   that	   the	  SAL	   might	   even	   aid	   tropical	   cyclone	   development	   by	   focusing	   convection	   on	   the	  cyclonic	  (south)	  side	  of	  the	  easterly	  jet.	  	  More	  recently,	  Braun	  et	  al.	  (2011)	  examined	  the	   impacts	  of	  dry	  air	  on	  tropical	  cyclone	   intensification	  using	   idealized	  numerical	  model	  simulations.	  	  Using	  an	  environment	  without	  mean	  flow,	  he	  illustrated	  that	  dry	  air	  only	  slows	  storm	  intensification	  if	  it	  gets	  near	  the	  storm	  center	  at	  the	  early	  stage.	  	  	   Positive	   influences	   of	   dry	   air	   on	   tropical	   cyclone	   development	   have	   been	  proposed	  by	  some	  earlier	  studies.	  	  Karyampudi	  and	  Carlson	  (1988)	  and	  Karyampudi	  and	   Pierce	   (2002),	   for	   example,	   suggested	   the	   SAL	   is	   an	   important,	   “if	   not	  necessary”,	  condition	  for	  easterly	  wave	  growth	  because	  the	  lateral	  boundary	  of	  the	  SAL	  promotes	  strong	  baroclinicity	  along	  the	  SAL’s	  southern	  border,	  strengthens	  the	  midlevel	  easterly	  jet,	  and	  enhances	  convective	  precipitation	  in	  the	  equatorial	  zone,	  
	   3	  which	   is	   favorable	   to	   the	   maintenance	   and	   intensification	   of	   tropical	   wave	  disturbances	  (Zawislak	  and	  Zipser	  2006;	  Arnault	  and	  Roux	  2009).	  A	  majority	  of	   the	   tropical	  cyclones	  over	   the	  Atlantic	  originate	   from	  tropical	  easterly	   waves	   (e.g.,	   Landsea	   1993).	   A	   new	   framework	   for	   tropical	   cyclone	  formation	   within	   tropical	   waves	   has	   recently	   been	   proposed	   by	   Dunkerton	   et	   al.	  (2009)	   (hereafter	  DMW09).	   	  By	  examining	   tropical	   easterly	  waves	   that	  developed	  into	   named	   tropical	   storms,	   DMW09	   demonstrated	   that	   the	   critical	   layer	   of	   a	  tropical	  easterly	  wave,	  which	  forms	  from	  the	  nonlinear	  interaction	  of	  the	  wave	  with	  the	  mean	  flow,	  is	  the	  preferred	  location	  for	  tropical	  cyclone	  formation.	  	  The	  cat’s	  eye	  in	  the	  wave	  critical	  layer	  is	  a	  region	  of	  weak	  strain/shear	  deformation	  and	  provides	  a	  favorable	  environment	  for	  deep	  convection,	  associated	  vortex-­‐tube	  stretching	  and	  vorticity	  aggregation	  in	  the	  lower	  troposphere.	  	  As	  a	  region	  of	  approximately	  closed	  Lagrangian	   circulation,	   the	   cat’s	   eye	   also	   protects	   the	   proto-­‐vortex2	   from	   the	  generally	   hostile	   environment	   (i.e.,	   dry	   air	   intrusion	   and	   shear	   deformation)	   to	  some	   extent.	   	   This	   can	   be	   regarded	   as	   the	   “marsupial	   paradigm”,	   as	   the	   entire	  sequence	  is	  likened	  to	  the	  development	  of	  a	  marsupial	  infant	  in	  its	  mother’s	  pouch	  wherein	   the	   juvenile	   proto-­‐vortex	   is	   carried	   along	   by	   the	  mother	  wave	   until	   it	   is	  strengthened	   into	   a	   self-­‐sustaining	   entity.	   	   The	   closed	   circulation	  within	   the	  wave	  critical	  layer	  is	  also	  called	  the	  “wave	  pouch”.	  	  	  The	   marsupial	   paradigm	   is	   supported	   by	   both	   observational	   diagnoses	  (Dunkerton	   et	   al.	   2009;	  Wang	   et	   al.	   2009;	  Montgomery	   et	   al.	   2010b;	  Wang	   et	   al.	  2011)	   and	  numerical	  model	   simulations	   (Wang	  et	   al.	   2010	  a,b;	  Montgomery	   et	   al.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	   The	   proto-­vortex	   is	   the	   initial	   vortical	   structure	   within	   a	   hybrid	   diabatic	   Rossby	   wave/vortex,	  which	  may	  subsequently	  grow	  to	  a	  tropical	  depression-­‐strength	  vortex.	  (DMW09).	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  2010a;	   Wang	   2011).	   Based	   on	   a	   high-­‐resolution	   numerical	   simulation	   and	  dropsonde	  data	  from	  a	  field	  experiment,	  Wang	  (2011)	  showed	  that	  thermodynamic	  conditions	   and	   vorticity	   evolution	   near	   the	   pouch	   center	   are	   different	   from	   those	  averaged	   over	   the	   entire	   pouch.	   	   The	   meso-­‐beta	   area	   near	   the	   pouch	   center	   is	  characterized	  by	  high	  saturation	  fraction,	  a	  small	  difference	  in	  equivalent	  potential	  temperature	  and	  a	  short	  incubation	  time	  scale.	  	  Sustained	  deep	  convection	  tends	  to	  occur	  near	  the	  pouch	  center	  while	  stratiform	  precipitation	  prevails	  within	  the	  wave	  pouch.	   The	   associated	   convective	   heating,	   due	   to	   its	   strong	   radial	   and	   vertical	  gradients,	  can	  effectively	  drive	  a	  transverse	  circulation	  and	  spin	  up	  a	  surface	  vortex	  prior	   to	   the	   spin-­‐up	   of	   the	   pouch-­‐scale	   circulation.	   Therefore,	   the	   thermodynamic	  conditions	  and	  moist	  convection	  near	  the	  pouch	  center	  are	  critically	   important	  for	  tropical	  cyclone	  formation.	  The	   marsupial	   paradigm	   provides	   a	   framework	   to	   systematically	   examine	  the	   dynamic	   and	   thermodynamic	   evolution	   of	   precursor	   disturbances.	   	   The	  objective	   of	   our	   study	   is	   to	   understand	   how	   dry	   air	   may	   affect	   tropical	   cyclone	  formation	   through	   the	   analysis	   of	   numerical	   model	   simulations	   in	   the	   marsupial	  framework.	   	   In	   particular,	   DMW09	   suggested	   that	   the	   wave	   pouch	   protects	   the	  moist	  air	  inside	  from	  dry	  air	  intrusion	  to	  some	  extent.	  	  If	  this	  is	  valid,	  one	  needs	  to	  investigate	  how	  dry	  air	  gets	  into	  a	  wave	  pouch	  and	  influences	  the	  moist	  convection	  near	  the	  pouch	  center.	  	  The	  pre-­‐genesis	  evolution	  of	  Tropical	  Storm	  Fay	  (2008)	  and	  the	  post-­‐storm	  evolution	  of	  Tropical	  Storm	  Gaston	  (2010)	  are	  simulated	  using	   the	  WRF	  model.	   	   The	   former	   was	   a	   developing	   easterly	   wave	   while	   the	   later	   can	   be	  regarded	   as	   a	   non-­‐developer	   (see	   section	   2	   for	   more	   details).	   Both	   disturbances	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  encountered	   dry	   air	   during	   their	   lifetime,	   but	   the	   impact	   of	   the	   dry	   air	   on	   the	  evolution	  of	  Gaston	   (2010)	  differs	   substantially	   to	   that	  of	  Fay	   (2008)	  as	   shown	   in	  the	  following	  chapters.	  	  We	  will	  examine	  the	  pathways	  and	  impacts	  of	  dry	  air	  as	  well	  as	  the	  thermodynamic	  evolution	  of	  dry	  air	  particles	  after	  they	  are	  entrained	  into	  the	  wave	   pouch	   through	   trajectory	   analysis	   and	   water	   vapor	   budget	   analysis.	   By	  comparing	   the	   non-­‐development	   process	   of	   Gaston	   (2010)	   and	   the	   development	  process	  of	  Tropical	  Storm	  Fay	  (2008),	  we	  hope	  to	  have	  a	  better	  understanding	  of	  the	  impacts	  of	  dry	  air	  on	  tropical	  cyclone	  formation.	  	  	  	   An	   outline	   of	   the	   remaining	   paper	   is	   as	   follows.	   	   The	   synoptic	   overview	  of	  both	   Gaston	   (2010)	   and	   Fay	   (2008)	   are	   presented	   in	   Chapter	   2.	   	   In	   Chapter	   3,	  descriptions	   of	   the	   numerical	   model	   simulations,	   three-­‐dimensional	   trajectory	  analysis,	   and	   water	   vapor	   budget	   formulation	   are	   presented.	   	   Chapters	   4	   and	   5	  present	   diagnoses	   on	   Gaston	   and	   Fay,	   respectively,	   followed	   by	   a	   summary	   and	  discussion	  in	  Chapter	  6.	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  CHAPTER	  2	  SYNOPTIC	  OVERVIEW	  FROM	  OBSERVATION	  	  Tropical	   Storm	   Gaston	   (2010)	   developed	   from	   an	   African	   Easterly	   Wave	  (AEW)	   on	   01	   September	   2010,	   tracking	   west-­‐northwestward	   with	   maximum	  sustained	   wind	   speeds	   of	   35kts	   near	   (12°N,	   32°W).	   Despite	   warm	   sea	   surface	  temperatures	   (SSTs)	   between	   28-­‐31°C	   and	  moderate	   wind	   shear	   as	   indicated	   by	  observational	   analysis	   from	   the	   National	   Hurricane	   Center	   (NHC),	   Gaston	   (2010)	  quickly	   weakened	   to	   a	   tropical	   depression	   within	   24	   hours	   and	   then	   was	  downgraded	  to	  a	  remnant	  low.	  	  The	  remnant	  low	  continued	  propagating	  westward	  but	  did	  not	  re-­‐intensify.	  	  Our	  simulation	  focuses	  on	  the	  post-­‐storm	  stage	  of	  Gaston,	  or	  the	  ex-­‐Gaston	  disturbance.	  	  Thus,	  it	  can	  be	  regarded	  as	  a	  non-­‐developing	  wave.	  	  	  Gaston	   (2010)	   was	   extensively	   monitored	   during	   the	   PREDICT3	   field	   experiment	  from	   02	   September	   2010	   to	   07	   September	   2010.	   	   Atmospheric	   profiles	   (Fig.	   1)	  attained	  by	  PREDICT	  indicated	  that	  the	  atmosphere	  was	  relatively	  dry	  in	  the	  middle	  and	   upper	   troposphere.	   	   During	   the	   third	   flight	   mission	   (05	   September	   2010)	   in	  particular,	   observational	   analysis	   (see	   the	   PREDICT	  Mission	   Scientist	   Summary	   at	  http://catalog.eol.ucar.edu/predict/)	   showed	   intermittent	   convection,	  with	  dry	  air	  surrounding	  a	   rather	  moist	   core.	   	  Following	   this	  period,	  however,	   soundings	   from	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3	  PREDICT	  (Pre-­‐Depression	  Investigation	  of	  Cloud	  Systems	  in	  the	  Tropics)	  successfully	  gathered	  data	  from	   both	   developing	   and	   non-­‐developing	   tropical	   disturbances	   across	   the	   West	   Atlantic	   Basin	  between	   August	   15	   and	   September	   30.	   This	   field	   campaign,	   which	   included	   more	   than	   26	   flight	  missions,	   was	   aimed	   at	   the	   applicability	   of	   the	   “marsupial	   paradigm”.	   	   Utilizing	   observational	  measurements	  attained	   from	  dropsondes,	   atmospheric	  profiles	  were	  assimilated	  and	   ingested	   into	  the	  European	  Centre	  for	  Medium-­‐Range	  Weather	  Forecasts	  (ECMWF)	  model.	  
	   7	  latter	  missions	  began	  to	  show	  extreme	  dryness	  in	  the	  eastern	  and	  southern	  portions	  of	  the	  system,	  where	  the	  west	  remained	  relatively	  moist.	  	  
	  Fig.	   1.	   A	   dropsonde	   sounding	   at	   1824	   UTC	   05	   September	   2010	   (EOL/PREDICT	   field	   catalog)	   at	  16.0521N,	  49.0578W	  showing	  a	  vertical	  profile	  of	  the	  environment	  less	  than	  one-­‐degree	  southeast	  of	  the	  pouch	  center.	  	   Another	  storm	  examined	  in	  this	  study,	  Tropical	  Storm	  Fay	  (2008),	  developed	  from	  a	   tropical	   easterly	  wave	   that	  departed	   the	  African	   coast	   on	  06	  August	  2008.	  	  Fay	  was	  classified	  as	  a	  tropical	  storm	  on	  15	  August	  2008	  and	  remained	  as	  such	  until	  25	   August	   2008.	   	   Prior	   to	   genesis,	   however,	   the	   precursor	   disturbance	   of	   Fay	  encountered	  dry	  air	  from	  the	  northwest.	  	  Fig.	  2a	  shows	  the	  CIMSS	  total	  precipitable	  water	  plus	   the	  850	  hPa	  streamlines	   in	   the	   frame	  of	   reference	  moving	  at	   the	   same	  speed	   with	   the	   wave	   from	   day	   -­‐4	   to	   the	   genesis	   date.	   	   As	   shown	   by	   DMW09,	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  streamlines	   in	   the	   wave’s	   co-­‐moving	   frame	   of	   reference	   can	   be	   used	   as	   a	   good	  approximation	  to	  parcel	  trajectories	  as	  the	  flow	  becomes	  quasi-­‐stationary	  in	  the	  co-­‐moving	  frame	  of	  reference.	   	  As	  the	  pre-­‐Fay	  disturbance	  propagated	  westward,	  dry	  air	  was	  shown	  to	  surround	  the	  north,	  west,	  and	  southern	  portions	  of	  an	  otherwise	  relatively	   moist	   core	   on	   11-­‐12	   August.	   GOES	   IR	   imagery	   (left	   panels	   in	   Fig.	   2)	  showed	   convective	   activity	   diminishing	   on	   13	   August,	   in	   particular,	   at	   the	   pouch	  peripheries.	   	   However,	   the	   dry	   air	   did	   not	   seem	   to	   intrude	   to	   the	   center	   of	   the	  circulation.	   	   Convection	   within	   the	   wave	   pouch	   was	   reinvigorated	   and	   became	  better	  organized	  on	  August	  14-­‐15.	  	  The	  disturbance	  developed	  into	  a	  tropical	  storm	  on	   1200	   UTC	   August	   15	   according	   to	   the	   NHC	   Best	   Track	   data.	   	   Our	   simulation	  focuses	  on	  the	  pre-­‐genesis	  evolution	  of	  Fay.	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  Fig.	   2.	   (Left)	   Shows	   the	   Cooperative	   Institute	   for	   Meteorological	   Satellite	   Studies	   (CIMSS)	   total	  precipitable	   water	   (shaded)	   and	   850hPa	   storm-­‐relative	   streamlines	   (black	   contours)	   from	  12Z11AUG2008	   to	   12Z15AUG2008.	   (Right)	   Shows	   the	   Geostationary	   Operational	   Environmental	  Satellite	   (GOES)	   infrared	   (IR)	   satellite	   imagery	   and	   700hPa	   storm-­‐relative	   streamlines	   (black	  contours)	   for	   12Z11AUG2008	   to	   12Z15AUG2008.	   	   Pre-­‐disturbance	   Fay	   is	   indicated	   by	   the	  intersection	   of	   the	   critical	   latitude	   (pink	   line)	   and	   the	   easterly	   wave	   trough	   axis	   (black	   line).
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  CHAPTER	  3	  MODEL	  SIMULATIONS	  AND	  ANALYSIS	  DESCRIPTION	  	  3.1	  	   Numerical	  Model	  Simulation	  Description	  The	   model	   used	   in	   this	   study	   is	   the	   Advanced	   Research	   Core	   of	   Weather	  Research	  and	  Forecasting	  model	  (WRF-­‐ARW)	  version	  3.2.1	  (Skamarock	  et	  al.	  2005).	  The	  model	   is	   fully	   compressible	   and	   non-­‐hydrostatic.	   	   For	   Gaston,	   the	   simulation	  was	  initialized	  at	  0000	  UTC	  04	  September	  2010	  and	  run	  72	  hours	  until	  0000	  UTC	  07	  September.	   	  A	   two-­‐grid	  nested	  simulation	  with	  horizontal	  grid	  spacing	  of	  27-­‐9	  km	  resolution	  was	  adopted.	   	  Convection	  was	  resolved	  explicitly	  on	  the	   inner	  grid,	  and	  the	   Kain-­‐Fritcsh	   cumulus	   scheme	   (Kain	   and	   Fritcsh	   1990)	   was	   used	   on	   the	  outermost	  grid.	   	  Other	  physics	  options	  for	  the	  numerical	  model	  simulation	  include	  the	  Yonsei	  University	  planetary	  boundary	   layer	   scheme	  (Noh	  et.	  al,	  2003),	  Dudhia	  (1989)	  shortwave	  radiation	  scheme,	  RRTM	  long-­‐wave	  radiation	  scheme	  (Mlawer	  et	  al.	   1997),	   and	   the	   WRF	   Single	   Moment	   6-­‐Class	   (WSM6)	   microphysics	   scheme.	  	  Prognostic	   water	   substance	   variables	   in	   WSM6	   scheme	   include	   mixing	   ratios	   of	  water	   vapor,	   cloud	   water,	   cloud	   ice,	   snow,	   rain,	   and	   graupel	   (Hong	   et.	   al,	   2006).	  	  Initial	  and	  boundary	  conditions	  were	  obtained	  from	  the	  ERA-­‐Interim	  6-­‐hourly	  data.	  The	  dropsonde	  data	   from	  the	  PREDICT	   field	  experiment	  were	  assimilated	   in	  ERA-­‐Interim.	  	   A	   second	   high-­‐resolution	   numerical	   model	   simulation	   was	   conducted	   for	  Tropical	  Storm	  Fay	  (2008)	  by	  adopting	  a	  four-­‐grid	  nested	  domain	  with	  a	  horizontal	  grid	  spacing	  of	  27-­‐9-­‐3-­‐1	  km,	  respectively.	  	  Again,	  convection	  was	  resolved	  explicitly	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  at	   the	   grid	   scale	   except	   on	   the	   outermost	   grid	   where	   the	   Kain-­‐Fritcsh	   cumulus	  scheme	  was	  used.	  	  This	  simulation	  was	  started	  at	  0000	  UTC	  13	  August	  2008	  and	  run	  84	  hours	  until	  1200	  UTC	  16	  August	  2008.	  	  The	  same	  physics	  options	  were	  adopted	  as	  in	  the	  Gaston	  (2010)	  simulation.	  	   The	   phase	   speeds	   of	   the	   pre-­‐Fay	   and	   ex-­‐Gaston	   disturbances	   were	  determined	   using	  Hovmoller	   diagrams	   of	   both	   total	   precipitable	  water	   and	   the	   v-­‐component	   of	  wind	   speed	   (Wang	   et	   al.	   2009).	   	   The	   average	   of	   the	   two	   estimated	  speeds	   (Gaston:	   -­‐6.3	   m	   s-­‐1;	   Fay:	   -­‐7.0	   m	   s-­‐1)	   was	   used	   to	   determine	   the	   critical	  latitude,	   and	   the	   pouch	   center	   was	   determined	   as	   the	   intersection	   of	   the	   critical	  latitude	  and	  easterly	  wave	   trough	  axis	  at	  3	  km	  (or	  near	  700mb)	   for	  both	  Fay	  and	  Gaston.	  3.2.	   3-­D	  Trajectory	  Analysis	  Description	  	   The	   Hybrid	   Single	   Particle	   Lagrangian	   Integrated	   Trajectory	   (HYSPLIT)	  model	  was	  also	  used	  in	  this	  study	  (Draxler	  et	  al.	  2009).	   	  The	  model	  was	  developed	  by	  the	  NOAA	  and	  is	  used	  in	  this	  study	  to	  assess	  the	  3-­‐diminsional	  (3D)	  trajectories	  of	   dry	   air	   particles.	   	   The	   reliability	   of	   HYSPLIT	   has	   compared	   favorably	   with	   a	  variety	   of	   real-­‐time	   data	   observations	   (i.e.	   measured	   balloon	   trajectories,	   air	  concentrations	   of	   inert	   tracers,	   etc.),	   with	   limitations	   currently	   resonating	   with	  boundary	   layer	   trajectory	   calculations	   due	   to	   sensitivity	   to	   the	   low-­‐level	   wind	  profile	   (Draxler	  and	  Hess	  1998).	   	   In	  addition	   to	   trajectories,	   relative	  humidity	  and	  pressure	  are	  calculated	  along	   the	  path	  of	  a	  particle	  by	   interpolating	   the	  value	  of	  a	  variable	   to	   the	   particle	   location	   on	   the	   trajectory	   at	   the	   correspondent	   time.	   	   3D	  particle	   trajectory	   analyses	   are	   conducted	   for	   both	   ex-­‐Gaston	   (2010)	   and	   pre-­‐Fay	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  (2008)	   to	  examine	   the	   source	  of	  dry	  air.	   	  Examination	  of	   the	  evolutionary	  path	  of	  dry	   particles	   helps	   to	   understand	   the	   impacts	   of	   dry	   air	   on	  mesoscale	   convection	  and	  the	  subsequent	  development/non-­‐development	  of	  a	  tropical	  wave.	   	  	   To	   test	   the	   robustness	   of	   the	   results,	   ensemble	   particle	   trajectories	   are	  calculated	   by	   utilizing	   the	   trajectory	   ensemble	   option	   in	   HYSPLIT.	   	   Multiple	  trajectories	  are	  initialized	  around	  a	  selected	  starting	  location	  by	  introducing	  a	  small	  offset	   in	   their	   initial	   location	   (one	  grid	  meteorological	   grid	  point	   in	   the	  horizontal	  and	  0.01	   sigma	  units	   in	   the	   vertical).	   	   This	   results	   in	   27	  members	   for	   all	   possible	  offsets	   in	   x,	   y,	   and	   z.	   To	   compare	   with	   streamlines	   in	   the	   co-­‐moving	   frame	   of	  reference,	   trajectories	   are	   displayed	   both	   in	   an	   earth	   relative	   and	   storm-­‐relative	  frame	  of	  reference.	  	  	  3.3.	   Budget	  Formulation	  The	  water	   vapor	   budget	   has	   been	   examined	   for	  mature	   tropical	   storms	   in	  many	   previous	   studies	   based	   both	   on	   numerical	  model	   simulations	   and	   on	   radar	  observations	  (e.g.,	  Marks	  and	  Houze	  1987;	  Gamache	  et	  al.	  1993;	  Zhang	  et	  al.	  2002;	  Braun	   2006),	   but	   it	   has	   not	   been	   studied	   at	   the	   genesis	   stage.	   	   Since	   moist	  convection	   is	   the	   ultimate	   driving	   force	   for	   tropical	   cyclone	   formation,	   a	   better	  understanding	  of	  the	  water	  budget	  will	  help	  us	  better	  understand	  the	  impacts	  of	  dry	  air	  on	  tropical	  cyclone	  formation.	  	  	  The	  azimuthal–mean	  water	  vapor	  budget	  equation	  in	  cylindrical	  coordinates	  can	  be	  written	  as	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
€ 
∂qv
∂t = −u
∂qv
∂r − w
∂qv
∂z + NC + Bv +Dv 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (1)	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  where	  
€ 
qv 	   is	   the	   water	   vapor	   mixing	   ratio,	   and	   the	   overbar	   denotes	   azimuthal	  average	  with	  respect	  to	  the	  pouch	  center.	   	  The	  term	  on	  the	  left	  hand	  side	  (LHS)	  of	  the	  equation	  is	  the	  water	  vapor	  tendency	  in	  the	  wave	  co-­‐moving	  frame	  of	  reference;	  the	   first	   two	   terms	  on	   the	   right	  hand	   side	   (RHS)	   represent	   the	   radial	   and	  vertical	  advection,	   respectively.	   	  The	   third	   term,	  
€ 
NC ,	   represents	   the	  net	   condensation;	  
€ 
Bv 	  represents	  the	  contribution	  from	  the	  planetary	  boundary	  layer	  parameterization	  to	  the	  vapor	  budget;	  and	  the	  residual	  term,	  
€ 
Dv ,	  represents	  the	  parameterized	  diffusion	  for	  water	  vapor.	  	  
€ 
NC 	  and	  
€ 
Bv 	  are	  output	  directly	  from	  the	  model,	  and	  the	  remaining	  terms	  are	  calculated	  offline.	  	  	  The	  first	  two	  RHS	  terms	  can	  be	  further	  separated	  as	  the	  azimuthal	  mean	  and	  the	  eddy	   term.	   	  The	   latter	   is	   related	   to	   the	  asymmetric	   eddies	  with	   respect	   to	   the	  azimuthal	  mean.	  	  Eq.	  (2)	  can	  be	  rewritten	  as	  
	  	  
€ 
∂qv
∂t = −u
∂qv
∂r − w
∂qv
∂z − u'
∂qv '
∂r − w'
∂qv '
∂z + NC + Bv +Dv 	  	  	  	  	  	  	  (2)	  where	   a	   prime	   denotes	   the	   asymmetric	   component	  with	   respect	   to	   the	   azimuthal	  average.	   	   The	   first	   two	   terms	   on	   the	   RHS	   are	   the	   radial	   and	   vertical	   advection	  associated	  with	  the	  azimuthal-­‐mean	  transverse	  circulation,	  and	  the	  third	  and	  forth	  terms	  are	  radial	  and	  vertical	  advection	  by	   the	  asymmetric	  eddies.	   	  Since	  Eq.	   (2)	   is	  evaluated	   with	   respect	   to	   the	   pouch	   center	   in	   the	   wave	   co-­‐moving	   frame	   of	  reference,	   the	   third	   term	   also	   includes	   advection	   by	   the	   pouch-­‐relative	   flow.	   	   A	  maximum	  radius	  of	   500	  km	  with	  bin	   size	  10	  km	   is	   used	   to	   evaluate	   each	   term	   in	  Eq.(2).	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  CHAPTER	  4	  NON-­‐DEVELOPER	  –	  GASTON	  (2010)	  	  4.1.	   Thermodynamic	  evolution	  and	  3D	  trajectory	  analysis	  The	   non-­‐development	   of	   ex-­‐Gaston	   (2010)	   was	   first	   examined.	   The	  simulation	  of	  ex-­‐Gaston	  started	  two	  days	  after	  Gaston	  weakened	  to	  a	  remnant	  low.	  Similar	  to	  the	  observation,	  ex-­‐Gaston	  does	  not	  intensify	  in	  the	  model	  simulation.	  The	  pouch	   tracks	  of	  Gaston	  at	  various	   levels	  are	  shown	   in	  Fig.	  3.	   	  A	  well-­‐defined	  wave	  pouch	   is	   present	   below	   3	   km	   throughout	   the	   simulation.	   	   At	   5	   km,	   however,	   the	  wave	  pouch	   is	   less	  well-­‐defined	   and	   is	   quite	  displaced	   from	   the	  3	  km	  and	  1.5	  km	  pouch	   centers	   west	   of	   51°W.	   	   At	   6	   km	   and	   above	   (i.e.,	   above	   ~500	   hPa)	   a	   wave	  pouch	  does	  not	  exist,	  which	  makes	  the	  storm	  susceptible	  to	  dry	  air	  intrusion	  at	  the	  middle	   to	   upper	   troposphere.	   	   The	   vertical	  misalignment	   of	   the	  wave	   pouch	  was	  identified	   by	   Davis	   and	   Ahijevych	   (2011)	   and	   is	   generally	   regarded	   as	   an	  unfavorable	   condition	   for	   tropical	   cyclone	   development	   (Dunkerton	   et	   al.	   2009;	  Wang	  et	  al.	  2010;	  Raymond	  and	  Lo	  ́pez	  Carrillo	  2011).	  	  	  	  	  	  	  	  	  Fig.	  3	  The	  pouch	  track	  for	  ex-­‐Gaston	  at	  1.5	  km	  (black),	  3	  km	  (red)	  and	  5	  km	  (green)	  from	  0000	  UTC	  04	  September	  to	  0000	  UTC	  08	  September.	  Note	  that	  the	  presence	  of	  the	  wave	  pouch	  at	  5	  km	  is	  very	  intermittent	  and	  well	  displaced	  from	  the	  pouches	  in	  the	  lower	  levels.	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  Time-­‐height	   cross	   sections	   of	   relative	   vorticity	   (Zeta),	   Okubo-­‐Weiss	   (OW),	  relative	   humidity	   (RH)	   and	  
€ 
ϑe 	   from	   the	   numerical	   model	   simulation	   of	   Gaston	  (2010)	  are	  displayed	  in	  Fig.	  4.	  	  The	  2°X2°	  box	  averages	  are	  calculated	  following	  the	  propagating	   pouch	   at	   3km	   (near	   700mb),	   and	   represent	   the	   dynamic	   and	  thermodynamic	  conditions	  of	  the	  air	  column	  close	  to	  the	  pouch	  center,	  which	  is	  the	  preferred	   location	   for	   tropical	   cyclogenesis.	   	   The	   time-­‐height	   cross	   section	   of	  relative	  vorticity.	   	  Fig.	  4a,	  shows	  that	  the	  maximum	  relative	  vorticity	  of	  magnitude	  around	  2	  X	  10-­‐4	  s-­‐1	  occurs	  near	  the	  surface	  and	  weakens	  in	  magnitude	  in	  time.	  	  The	  OW	  parameter	  is	  a	  measure	  of	  the	  “shape-­‐preserving”	  component	  of	  a	  vortical	  flow	  (Dunkerton	   et	   al.	   2009)	   and	   is	   defined	   by	   OW	   =	  
€ 
ζ2 − S12 − S22 ,	   where	  
€ 
ζ 	   is	   relative	  vorticity,	  and	  S1	  and	  S2	  represent	  the	  strain	  rate.	  	  Positive	  values	  of	  OW	  indicate	  the	  dominance	  of	  relative	  vorticity,	  and	  negative	  values	  of	  OW	  suggest	  that	  the	  flow	  is	  susceptible	   to	   rapid	   filamentation.	   	   The	   vertical	   profile	   of	   OW,	   Fig.	   4b,	   is	  characterized	  by	  prevailing	  negative	  values,	  with	  weak,	  positive	  values	  (0.5	  10-­‐8	  s-­‐2)	  occurring	  only	  intermittently	  below	  5	  km.	  	  This	  suggests	  that	  the	  environment	  is	  not	  favorable	  for	  vorticity	  aggregation	  and	  tropical	  cyclone	  development.	  	  	  The	  time-­‐height	  cross	  section	  of	  relative	  humidity,	  Fig.	  4c,	  shows	  presence	  of	  dry	   air	   above	   7	   km	   throughout	   the	   simulation,	   with	   RH	   as	   low	   as	   40%.	   Relative	  humidity	   decreases	   steadily	   above	   2	   km	   in	   the	   first	   two	   days	   of	   the	   model	  simulation.	   	  Although	  the	  layer	  between	  4-­‐9	  km	  is	  moistened	  slightly	  during	  1200-­‐1800	  UTC	  06	  September,	  RH	  remains	  below	  85%	  above	  the	  3	  km	  level.	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 Fig.	  4.	  Two-­‐degree	  by	  two-­‐degree	  box	  average	  plots	  showing	  time-­‐height	  cross	  section	  of	  (a)	  relative	  vorticity	  (units:	  10-­‐5	  s-­‐1),	  (b)	  Okubo-­‐Weiss	  parameter	  (units:	  10-­‐8	  s-­‐2),	  (c)	  relative	  humidity	  (units:	  %),	  and	  (d)	  equivalent	  potential	  temperature	  (units:	  K)	  for	  Gaston	  (2010)	  from	  0600	  UTC	  04	  September	  2010	  to	  0000	  UTC	  07	  September	  2010.	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  The	   time-­‐height	   cross	   section	   of	  
€ 
ϑe 	   is	   displayed	   in	   Fig.	   4d.	   	   The	   vertical	  profile	  of	  
€ 
ϑe 	  is	  characterized	  by	  a	  mid-­‐level	  minimum	  at	  5-­‐6	  km	  above	  the	  ground,	  which	  decreases	  from	  1800	  UTC	  04	  September	  to	  0600	  UTC	  06	  September	  by	  about	  4	   K.	   	   The	  mid-­‐level	  
€ 
ϑe 	   remains	   below	   340	   K	   throughout	   the	   simulation,	   and	   the	  difference	   in	  
€ 
ϑe 	   between	   the	   surface	   (values	   around	   357	   K)	   and	   5	   km	   remains	  above	   15	   K.	   The	   altitude	   of	   the	   minimum	  
€ 
ϑe 	   is	   also	   slightly	   reduced	   during	   the	  simulation,	   indicating	   drying	   of	   the	   lower	   troposphere.	   	  We	   further	   examined	   the	  time-­‐height	   cross	   section	   of	   the	   specific	   humidity	   and	   potential	   temperature	   (not	  shown).	   	   From	  1200	  UTC	  04	  September	   to	  1200	  UTC	  06	  September,	   the	  2-­‐degree	  box	  averaged	  specific	  humidity	  dropped	  about	  1-­‐1.5	  g	  kg-­‐1	  around	  5	  km	  and	  2	  km,	  while	   there	   is	   no	   systematic	   change	   in	   potential	   temperature	   in	   the	   middle	  troposphere.	   	  This	  suggests	   that	   the	  decrease	  of	   the	  mid-­‐level	  
€ 
ϑe 	   is	  mainly	  due	   to	  the	  mid-­‐level	  drying.	  The	  large	  
€ 
ϑe 	  difference	  between	  the	  surface	  and	  the	  middle	  troposphere	  in	  the	   model	   simulation	   is	   consistent	   with	   the	   dropsonde	   analysis	   by	   Davis	   and	  Ahijevych	  (2011),	  Smith	  and	  Montgomerey	  (2011),	  and	  Wang	  (2011).	  	  Rotunno	  and	  Emanuel	   (1987)	   suggested	   that	   one	   of	   the	   inhibiting	   factors	   for	   tropical	   cyclone	  formation	  is	  convective	  downdrafts,	  which	  transport	  air	  of	  low	  
€ 
ϑe 	  from	  the	  middle	  troposphere	   to	   the	   boundary	   layer	   and	   suppress	   convection.	   	   The	   recent	   studies	  suggest	  that	  the	  mid-­‐level	  moistening	  does	  not	  eliminate	  downdrafts	  (Nolan	  2007;	  Wang	   et	   al.	   2010b).	   	   Instead,	   it	   promotes	   vigorous	   updrafts	   by	   reducing	   lateral	  entrainment	   of	   dry	   air	   (James and Markowski 2009;	   Wang	   2011;	   Smith	   and	  Montgomery	  2011).	   	  The	  decrease	  of	   the	  mid-­‐level	  
€ 
ϑe 	   in	  Gaston	   implies	  potential	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  for	   stronger	   lateral	   dry	   air	   entrainment	   as	   well	   as	   stronger	   inimical	   impacts	   of	  downdrafts	  due	   to	   the	   large	  vertical	  gradient	  of	  
€ 
ϑe .	   	  This	   likely	  contributes	   to	   the	  non-­‐development	   of	   ex-­‐Gaston,	  which	   is	   consistent	  with	   the	   observational	   studies	  by	  Davis	  and	  Ahijevych	  (2011)	  and	  Smith	  and	  Montgomery	  (2011).	  	  The	  second	  hypothesis	  in	  DMW09	  states	  that	  the	  wave	  pouch,	  as	  a	  region	  of	  approximately	   closed	   Lagrangian	   circulation,	   protects	   its	   interior	   from	   dry	   air	  intrusion	  to	  some	  extent.	  	  Wang	  (2011)	  suggests	  that	  the	  thermodynamic	  conditions	  near	   the	   pouch	   center	   are	   critical	   for	   tropical	   cyclone	   spin-­‐up.	   	   This	   leads	   to	   the	  question:	  what	  causes	   the	  drying	  of	   the	  middle	   troposphere	  and	  how	  does	  dry	  air	  get	   close	   to	   the	   pouch	   center	   in	   the	  middle	   troposphere?	   	   A	   snapshot	   of	   relative	  humidity	   at	   3	   km	   is	   shown	   in	   Fig.	   5.	   	   The	   wave	   pouch	   is	   depicted	   by	   closed	  streamlines	  in	  the	  wave’s	  co-­‐moving	  frame	  of	  reference.	  	  The	  most	  striking	  feature	  is	  that	   the	   wave	   pouch	   retains	   higher	   moisture	   content	   (RH	   generally	   larger	   than	  75%)	  than	  the	  surrounding	  air	   (RH	  as	   low	  as	  35%).	   	  This	  suggests	   that	   the	  pouch	  does	  prevent	  dry	  air	   intrusion	  to	  some	  extent.	   	  To	  confirm	  this,	  we	  carried	  out	  3D	  trajectory	  analysis	  using	  the	  HYSPLIT	  model.	  	  The	  ensemble	  trajectories	  are	  shown	  in	   Fig.	   5.	   	   The	   particles	   are	   released	   on	   0800	   UTC	   05	   September	   2010	   at	   the	  southern	  boundary	  of	  the	  wave	  pouch	  at	  710	  hPa,	  where	  RH	  is	  less	  than	  35%.	  	  The	  particle	  trajectories	  have	  a	  bifurcation	  at	  the	  pouch	  separatrix:	  a	  few	  particles	  move	  eastward	  relative	  to	  the	  wave	  pouch,	  and	  most	  particles	  take	  a	  cyclonic	  route,	  where	  all	   particles,	   except	   one,	   stay	   off	   the	   pouch	   center	   during	   the	   40	   hour	   trajectory	  evolution.	   	  We	   also	   tested	   trajectories	  with	   different	   initial	   locations,	   and	   they	   all	  suggested	  that	   the	  particles	  outside	  or	  at	   the	  periphery	  of	   the	  wave	  pouch	  tend	  to	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  stay	  off	   the	  pouch	  center	  during	   the	   two-­‐day	   time	  period	  (not	  shown).	   	  Moreover,	  most	  particle	   trajectories	   follow	   largely	   the	  streamlines	   in	   the	  co-­‐moving	   frame	  of	  reference,	  suggesting	  a	  region	  of	  approximately	  closed	  Lagragian	  circulation.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Fig.	  5.	  Shows	  3	  km	  relative	  humidity	  and	  storm	  relative	  streamlines	  for	  Gaston	  (2010)	  at	  0800	  UTC	  05	   September	   2010.	   	   Box	   encompasses	   pockets	   of	   dry	   air.	   Ensemble	   forward	   particle	   trajectories	  (gray)	   and	   streamlines	   are	   both	   shown	   in	   a	  wave	   co-­‐moving	   framework.	   The	   forward	   trajectories	  have	  a	  runtime	  of	  40	  hours	  (end	  of	  simulation).	  	  	  A	  closer	  look	  at	  Fig.	  5,	  however,	  reveals	  pockets	  of	   isolated	  dry	  air	  near	  the	  pouch	  center.	  	  To	  track	  the	  source	  of	  the	  dry	  air	  near	  the	  pouch	  center,	  we	  employed	  	  backward	   trajectory	   analysis	   using	   the	   HYSPLIT	   model.	   	   A	   group	   of	   ensemble	  backward	  trajectories	  were	  initialized	  at	  0800	  UTC	  September	  05	  2010,	  starting	  at	  one	  of	   the	  dry	   air	  pockets	   (indicated	  by	  a	  box	   in	  Fig.	   5).	   	  The	   top	  panels	  of	   Fig.	   6	  
	   20	  show	   the	   particle	   paths	   in	   the	   earth-­‐relative	   frame	   of	   reference.	   	   In	   this	   resting	  frame,	  the	  particle	  trajectories	  reflect	  both	  the	  cyclonic	  rotation	  and	  the	  westward	  propagation	  of	  the	  wave	  pouch.	  	  The	   time	   series	   of	   pressure	   and	   relative	   humidity	   along	   the	   particle	  trajectories	  are	  displayed	   in	   the	  bottom	  panels	   in	  Fig.	  6.	   	  The	   former	   indicates	   the	  origins	  of	   the	  dry	  particles	   and	   the	   latter	   illustrates	   the	   thermodynamic	  evolution	  following	  the	  particles.	  	  For	  the	  particles	  initialized	  at	  0800	  UTC	  05	  September,	  most	  of	  them	  originate	  from	  the	  layer	  between	  ~	  450-­‐600	  hPa	  with	  the	  relative	  humidity	  less	  than	  80%	  at	  the	  beginning	  of	  the	  time	  period	  (i.e.,	  0000	  UTC	  04	  September;	  note	  that	   the	   x-­‐axis	   goes	   backward	   in	   time).	   	  Only	   a	   few	  outliers	   come	   from	   the	   lower	  troposphere	   and	   have	   relative	   humidity	   above	   90%.	   	   As	   the	   particles	   from	   the	  middle-­‐upper	   troposphere	   descend	   slowly	   during	   0000	   UTC	   04	   –	   0000	   UTC	   05	  September,	   their	   relative	   humidity	   fluctuates	   with	   an	   overall	   drying	   trend.	   	   The	  backward	   trajectory	   analysis	   confirms	   that	   vertical	   transport	   of	   dry	   air	   from	   the	  upper	  troposphere	  contributes	  to	  the	  mid-­‐level	  drying.	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  Fig.	  6.	  Ensemble	  backward	  trajectories	  showing	  the	  evolution	  of	  dry	  air	  particles	  in	  an	  earth-­‐relative	  frame	   of	   reference	   beginning	   0800	  UTC	   05	   September	   2010	   and	   ending	   0000	  UTC	   04	   September	  2010	  with	  a	  reference	  position	  of	  17.815N,	  50.01W.	  	  Shows	  the	  particle	  trajectories	  with	  the	  vertical	  coordinate	  of	  pressure	  (unit	  is	  hPa)	  and	  relative	  humidity	  (%).	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4.2.	   Water	  vapor	  budget	  analysis	  
 To	  further	  examine	  the	  potential	   impacts	  of	  dry	  air	  at	  the	  genesis	  stage,	  we	  evaluate	  the	  water	  vapor	  budget	  for	  Gaston	  (2010).	  	  The	  budget	  terms	  in	  Eq.	  (2)	  are	  averaged	  over	  31-­‐36	  h,	  a	  time	  period	  when	  drying	  takes	  place	  above	  the	  boundary	  layer	  and	  equivalent	  potential	  temperature	  decreases	  in	  the	  middle	  troposphere.	  	  As	   shown	  in	  Fig.	  7a,	  the	  mixing	  ratio	  decreases	  near	  the	  pouch	  center	  from	  the	  surface	  to	  12	  km,	  with	  the	  maximum	  drying	  of	  about	  10-­‐12	  g	  kg-­‐1	  day-­‐1	  occurs	  between	  2-­‐8	  km.	  	  Given	  the	  generally	  low	  moisture	  content	  in	  the	  middle	  and	  upper	  troposphere,	  this	   indicates	   a	   significant	   drop	   of	   relative	   humidity	   as	   well	   as	   a	   decrease	   of	  equivalent	   potential	   temperature,	   consistent	   with	   Fig.	   4.	   	   The	   budget	   terms	   are	  broken	   down	   to	   the	   mean	   and	   eddy	   components	   following	   Eq.	   (2).	   The	   mean	  horizontal	  advection	   term	  (Fig.	  7b)	  contributes	   to	  moistening	  between	  20-­‐250	  km	  radii	   in	   the	  boundary	   layer	  and	  drying	  near	   the	  pouch	  center	  above	   the	  boundary	  layer.	  	  Drying	  tendency	  is	  also	  present	  around	  100	  km	  radius	  between	  3-­‐6	  km	  above	  the	   ground	   and	   around	   200-­‐km	   radius	   at	   the	   2	   km	   altitude.	   The	   eddy	   horizontal	  advection	  term	  (Fig.	  7c)	  contributes	  to	  drying	  above	  5	  km	  within	  the	  200	  km	  radius	  and	  drying	  below	  5	  km	  altitude	  near	  the	  pouch	  periphery	  (~	  200	  km	  away	  from	  the	  pouch	   center).	   	   The	   former	   can	   be	   attributed	   to	   the	   pouch-­‐relative	   flow	   in	   the	  middle-­‐upper	  troposphere,	  where	  a	  closed	  circulation	  is	  absent,	  and	  the	  latter	  may	  be	  due	  to	  the	  pouch	  relative	  flow	  and	  mesoscale	  eddies.	  	  It	  is	  worth	  noting	  that	  the	  drying	  over	  the	  pouch	  center	  and	  the	  drying	  at	  the	  pouch	  periphery	  appear	  as	  two	  separate	   centers	   in	   the	   horizontal	   eddy	   advection	   term.	   	   The	   drying	   at	   the	   pouch	  periphery,	   despite	   its	   large	  magnitude,	   does	   not	   extend	   all	   the	   way	   to	   the	   pouch	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  center.	   	  This	   suggests	   that	   it	  may	  suppress	  convection	  at	   the	  pouch	  periphery	  but	  may	  not	  affect	  the	  pouch	  core	  directly	  during	  the	  time	  period	  of	  calculation.	  The	  mean	  vertical	  advection	  term	  (Fig.	  7d)	   is	  roughly	  opposite	  to	  the	  mean	  horizontal	  advection	  term.	  	  Near	  the	  pouch	  center	  it	  contributes	  to	  moistening	  in	  the	  boundary	  layer	  and	  drying	  above;	  at	  radii	  larger	  than	  20	  km,	  it	  contributes	  to	  drying	  in	   the	   boundary	   layer	   and	   moistening	   above,	   which	   indicates	   vertical	   moisture	  transport	  from	  the	  boundary	  layer	  to	  the	  free	  atmosphere.	  	  	  The	  eddy	  vertical	  advection	  terms	  (Fig.	  7e)	  contribute	  to	  drying	  below	  2	  km,	  with	  a	  magnitude	  slightly	  smaller	  than	  the	  mean	  vertical	  advection	  term.	  	  This	  term	  also	  contributes	   to	  moistening	  above	  7	  km	  at	  radii	  between	  120-­‐230	  km,	  which	   is	  likely	  associated	  with	  strong	  updrafts.	  The	  net	   condensation	   term	   is	   the	  major	   sink	   term	   (Fig.	   7f),	   and	   its	   vertical	  profile	   shows	   two	  maxima,	   one	   around	  9	   km	  altitude	   and	   the	   other	   around	  4	   km	  altitude.	  The	   former	   indicates	  possible	   contribution	  by	   stratiform	  processes.	   	  Also	  note	   that	   the	  maximum	   condensation	   rate	   does	   not	   occur	   near	   the	   pouch	   center,	  which	   is	   consistent	   with	   the	   azimuthal	   mean	   downward	   motion	   in	   Fig.	   8a	   and	  indicates	  suppressed	  convection	  near	  the	  pouch	  center.	  	  Net	  evaporation	  is	  present	  at	  the	  pouch	  center	  and	  around	  the	  30-­‐km	  and	  the	  100-­‐km	  radii.	  	  The	  PBL	  term	  (
€ 
Bv )	  contributes	   a	   strong	   positive	   tendency	   near	   the	   surface	   (not	   shown),	   similar	   to	   a	  mature	  storm	  (Braun	  2006).	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  Fig.	  7.	  Azimuthally	  averaged	  water	  vapor	  budget	  fields	  for	  Gaston	  (2010)	  averaged	  between	  19-­‐42	  h:	  (a)	  net	  water	  vapor	  tendency,	  (b)	  mean	  horizontal	  advection,	  (c)	  eddy	  horizontal	  advection,	  (d)	  mean	  vertical	  advection,	  (e)	  eddy	  vertical	  advection,	  and	  (f)	  net	  condensation.	  The	  units	  of	  the	  variables	  are	  g	  kg-­‐1	  day	  with	  contour	  intervals	  set	  at	  2x10-­‐8.	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  Fig.	  8	  Azimuthally	  averaged	  vertical	  motion	  (shading;	  units:	  cm	  s-­‐1)	  and	  radial	  flow	  (contours;	  units:	  m	  s-­‐1)	  for	  ex-­‐Gaston	  (averaged	  over	  31-­‐36	  h)	  and	  pre-­‐Fay	  (averaged	  over	  36-­‐60	  h).	   	  	  	   In	  short,	  the	  budget	  analysis	  suggests	  that	  mid-­‐level	  dry	  air	  intrusion	  and	  dry	  air	   transport	   from	   the	   upper	   troposphere	   both	   contribute	   to	   the	   drying	   in	   the	  middle	  troposphere.	  	  The	  mid-­‐level	  dry	  air	  intrusion	  was	  also	  studied	  by	  Rutherford	  and	  Montgomery	   (2011)	   using	   ECMWF	   analysis	   data.	   	   Our	   diagnosis	   suggests	   an	  additional	  mechanism	  for	  dry	  air	  entrainment:	  the	  pouch-­‐relative	  flow	  in	  the	  upper	  troposphere	  brings	  dry	  air	  directly	  over	   the	   low-­‐level	  pouch	  center,	  which	   is	   then	  transported	  downward	  by	  vertical	  motion.	   	  The	  water	  budget	   fields	  of	  Gaston	  are	  compared	   to	   those	   for	  Fay	   in	   the	  next	  section	   to	  better	  understand	   the	   impacts	  of	  dry	  air.	  	  4.3	   Sensitivity	  test	  –	  Gaston	  (2010)	  In	   the	   evaluation	  of	   the	   aforementioned	  numerical	   study	  of	  Gaston	   (2010),	  higher-­‐resolution	  model	  simulations	  were	  performed	  in	  order	  to	  produce	  the	  most	  accurate	  representation	  of	   the	  evolution	  of	  ex-­‐Gaston.	   	   	  However,	  when	  utilizing	  a	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  higher	   resolution	   (!3	  km),	   the	  model	  was	  unable	   to	  produce	   the	   realistic	   intensity	  evolution	   of	   Gaston.	   The	   disturbance	   intensifies,	   instead	   of	   weakening),	   and	   a	  tropical	  storm	  develops	  in	  most	  of	  the	  high-­‐resolution	  simulations.	  	  Through	  further	  analysis,	  it	  was	  found	  that	  the	  downdrafts	  that	  occurred	  near	  the	  wave	  pouch	  center	  are	  much	  weaker	   in	   the	  higher	   resolution	  model	   solutions.	   	  The	  wave	  pouch	   thus	  remains	  moist.,	  and	  Gaston	  was	  able	  to	  re-­‐develop.	  	  A	  sensitivity	  test	  is	  included	  in	  this	   section	   to	   highlight	   the	   significant	   differences	   between	   the	   coarse-­‐resolution	  and	   high-­‐resolution	   model	   simulations.	   	   In	   the	   higher	   resolution	   simulation	   for	  Gaston	  (2010),	  a	  three-­‐grid	  nested	  simulation	  with	  horizontal	  grid	  spacing	  of	  27-­‐9-­‐3	  km	  resolution	  was	  adopted.	  	  	  Again,	  convection	  was	  resolved	  explicitly	  on	  the	  inner	  grid,	  and	  the	  Kain-­‐Fritcsh	  cumulus	  scheme	  (Kain	  and	  Fritcsh	  1990)	  was	  used	  on	  the	  outermost	  grid.	   	  All	  model	  physics	   remained	   the	   same.	   	  The	  only	  difference	   is	   the	  addition	  of	  the	  3	  km	  grid.	   	  The	  sensitivity	  test	  compares	  the	  results	  from	  the	  9	  km	  domains.	  	  	  	  The	  moisture	  fields	  in	  the	  two	  simulations	  are	  compared	  in	  Fig.	  9.	  	  A	  vertical	  cross	  section	  of	  relative	  humidity	  along	  17.5°N	  in	  the	  coarse-­‐resolution	  simulation	  of	   Gaston	   (2010)	   at	   0800	   UTC	   05	   September	   2010,	   Fig.	   9a,	   shows	   the	   vertical	  structure	  of	  the	  dry	  air	  pocket.	   	   	  Between	  51-­‐50°W,	  dry	  air	  is	  seen	  to	  intrude	  from	  the	  upper	  levels	  and	  decrease	  the	  relativity	  humidity	  between	  3-­‐4	  km	  to	  <	  70%.	  	  In	  the	   higher	   resolution	   simulation,	   however,	   a	  much	   different	   scenario	   is	   observed.	  Fig.	  9b	  shows	  a	  plane	  view	  analysis	  of	  the	  3	  km	  relative	  humidity	  field	  and	  storm-­‐relative	  streamlines	  in	  the	  higher	  resolution	  simulation	  at	  the	  same	  time	  as	  shown	  in	  Fig.	  5.	   	  Although	  the	  synoptic-­‐scale	  patterns	  of	  the	  wind	  field	  and	  moisture	  field	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  are	  quite	   similar	   to	   those	   in	   the	   control	   run,	   there	   are	  no	  dry	   air	   pockets	  near	  or	  around	   the	   wave	   pouch	   center.	   	   In	   fact,	   the	   relative	   humidity	   field	   in	   general	  displays	   a	   core	   that	   is	   much	   more	   moist	   than	   that	   in	   the	   two-­‐grid	   simulation.	  	  Furthermore,	  a	  vertical	  cross	  section	  of	  the	  relative	  humidity	  field	  (Fig.	  9c)	  does	  not	  show	  any	   intrusion	  of	   dry	   air	   from	   the	  upper	   levels.	   	  Other	   times	  were	   evaluated	  from	   the	   higher	   resolution	   simulation	   to	   identify	   the	   presence	   of	   dry	   air	   pockets	  elsewhere	   in	   the	   relative	   humidity	   field.	   	   However,	   very	   few	   pockets	   of	   drier	   air	  were	  discovered	  and	  none	  were	  as	  extensive	  or	  persistent	  as	  what	  was	  shown	  in	  the	  coarse	  resolution	  simulation.	  In	   short,	   the	   comparison	   between	   the	   two	   numerical	   model	   simulations	  exposes	   the	   sensitivity	   of	   the	   modeled	   storm	   intensity	   evolution	   to	   the	   model	  resolution.	   	   It	   is	  possible	  that	  some	  model	  errors	  due	  to	  the	  coarse	  resolutions	  are	  compensated	  by	  errors	  due	  to	  model	  physics,	  and	  a	  higher	  resolution	  thus	  does	  not	  always	   produce	   a	   “better”	   simulation.	   	   Although	   one	   may	   argue	   that	   the	   coarse-­‐resolution	  simulation	  produces	  a	  realistic	  intensity	  evolution	  for	  the	  wrong	  reason,	  the	   different	   storm	   evolutions	   in	   the	   control	   run	   and	   the	   sensitivity	   test	  nevertheless	   imply	  the	   impacts	  of	  downward	  dry	  air	   transport	  on	  tropical	  cyclone	  development.	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  Fig.	  9.	  	  	  Shows	  (a)	  Vertical	  cross	  section	  of	  RH	  (%)	  along	  17.5°N	  in	  the	  coarse-­‐resolution	  simulation	  of	  Gaston	  (2010)	  at	  0800	  UTC	  05	  September	  2010	  to	  show	  the	  vertical	  structure	  of	  the	  dry	  air	  pocket;	  (b)	  similar	  to	  Fig.	  5	  but	  for	  the	  high-­‐res	  simulation	  of	  Gaston	  (2010);	  and	  (c)	  same	  as	  (a)	  but	  for	  the	  high-­‐res	  simulation	  of	  Gaston	  (2010).	  	  Contour	  intervals	  for	  (a)	  and	  (c)	  are	  set	  to	  15%.	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  CHAPTER	  5	  NON-­‐DEVELOPER	  VS.	  DEVELOPER	  	  To	  gain	  perspective	  from	  a	  developing	  storm	  and	  better	  understand	  the	  non-­‐development	  of	  ex-­‐Gaston,	  the	  pre-­‐genesis	  evolution	  of	  Tropical	  Storm	  Fay	  (2008)	  is	  examined	  in	  this	  section.	   	  The	  3-­‐day	  model	  simulation	  starts	  0000	  UTC	  13	  August,	  and	  the	  evolution	  of	  Fay	  in	  the	  model	  simulation	  can	  be	  divided	  into	  three	  stages	  of	  development:	  the	  wave	  stage,	  tropical	  depression	  stage,	  and	  tropical	  storm	  stage.	  	  In	  this	  study,	  we	  define	  the	  genesis	  of	  a	  tropical	  depression	  as	  the	  formation	  of	  a	  closed	  surface	  circulation	  in	  the	  earth-­‐relative	  frame	  of	  reference	  with	  the	  maximum	  wind	  speed	   greater	   than	   10	  ms-­‐1	   but	   less	   than	   17	  ms-­‐1,	   which	   occurs	   at	   0600	   UTC	   15	  August	   2008	   in	   the	   model	   simulation.	   	   A	   tropical	   storm	   forms	   at	   1200	   UTC	   15	  August	   2008	   in	   the	   model	   simulation	   when	   maximum	   near	   surface	   wind	   speeds	  exceeded	  17	  m	  s-­‐1.	  	  	   A	   time-­‐height	   cross	   section	   of	   relative	   vorticity	   and	   relative	   humidity	   from	  the	   numerical	   model	   simulation	   of	   Fay	   (2008)	   is	   shown	   in	   Fig.	   10.	   	   A	   general	  increase	  in	  relative	  vorticity,	  extending	  from	  the	  surface	  to	  the	  upper-­‐troposphere,	  is	  observed	  with	   time	  (Fig.	  10a).	   	  Noticeably,	   in	   the	  relative	  humidity	  box	  average	  (Fig.	  10b),	   there	  are	   two	  prominent	   intrusions	  of	  dry	  air	   in	   the	  middle	  and	  upper	  troposphere	  prior	  to	  the	  formation	  of	  a	  tropical	  cyclone.	   	  The	  primary	  intrusion	  of	  dry	   air	   takes	   place	   between	   0000	  UTC	   13	  August	   2008	   and	   1400	  UTC	   13	  August	  2008	  above	  6	  km	  where	  RH	  decreases	   to	  as	   low	  as	  30%.	   	  RH,	  however,	   increases	  below	  5	  km	  at	  the	  same	  time.	  	  A	  secondary	  intrusion	  of	  dry	  air	  starts	  around	  0000	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  UTC	   14	   August	   2008.	   	   The	   extreme	   dry	   air	   (RH<55%)	   is	   confined	   above	   8	   km.	  	  Moreover,	  RH	  values	  are	  reduced	  to	  less	  than	  65%	  near	  and	  above	  6	  km,	  but	  the	  air	  below	  4	  km	  remains	  quite	  moist	  (RH>85%),	  and	  RH	  starts	  to	  gradually	  increase	  six	  hours	   later,	  which	  suggests	  that	  the	  dry	  air	  does	  not	  suppress	  convection	  near	  the	  pouch	   center	   in	   pre-­‐Fay.	   	   The	   lateral	   entrainment	   indicated	   by	   CIMSS	   TWP	   (left	  panels	  in	  Fig.	  2)	  and	  ERA-­‐Interim	  moisture	  field	  (not	  shown)	  are	  not	  shown	  in	  this	  figure,	   as	   the	   2-­‐degree	   square	   box	   only	   represents	   a	   small	   area	   near	   the	   pouch	  center.	   	  Compared	  to	  Gaston,	  the	  two	  dry	  air	   intrusion	  incidents	  in	  pre-­‐Fay	  are	  far	  more	   transient	   and	   characterized	   by	   less	   extensive	   dry	   air.	   Thus,	   this	   provides	  valuable	  insight	  into	  the	  differing	  evolutions	  of	  the	  two	  tropical	  disturbances.	  	  	  	  
	  	  	  
	  	  
  Fig.	   10.	   	   Two	   degree	   by	   two	   degree	   box	   average	   plot	   showing	   a	   time-­‐height	   cross	   section	   of	   (a)	  relative	   vorticity	   and	   (b)	   relative	   humidity	   for	   Fay	   (2008)	   between	   0000	   UTC	   13	   August	   2008	   to	  1200	  UTC	  16	  August	  2008.	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  The	  azimuthally	  averaged	  water	  vapor	  budget	   fields	   for	  pre-­‐Fay	  (2008)	  are	  displayed	  in	  Fig.	  11,	  and	  the	  transverse	  circulation	  shown	  in	  Fig.	  8b.	   	  All	   the	  fields	  are	   averaged	   over	   36-­‐60	   h,	   the	   time	   period	   prior	   to	   the	   formation	   of	   a	   tropical	  storm.	   Approximately	   300	   km	   away	   from	   the	   pouch	   center,	   the	   water	   vapor	  tendency	  field	  (Fig.	  11a)	   indicates	  drying	  below	  7	  km	  altitude	  and	  drying	  near	  the	  surface	   between	   200-­‐300	   km	   radii.	   	   In	   the	   interior	   of	   the	  wave	   pouch,	  moreover,	  there	   is	   generally	  moistening,	   particularly	   over	   the	  pouch	   center	   between	  6-­‐8	   km	  altitude,	   which	   differs	   significantly	   to	   the	   drying	   near	   the	   pouch	   center	   in	   the	  numerical	  model	  simulation	  of	  Gaston.	  In	  the	  boundary	  layer	  the	  radial	  inflow	  converges	  near	  the	  pouch	  center	  (Fig.	  8b)	   and	   induces	   a	   positive	   tendency	   within	   the	   100	   km	   radius	   and	   negative	  tendency	  between	  100	  and	  200-­‐km	  radii	  (Fig.	  11b).	  	  Above	  the	  boundary	  layer,	  the	  radial	  flow	  contributes	  to	  a	  negative	  tendency	  over	  the	  pouch	  center	  and	  a	  positive	  tendency	   for	   radii	   exceeding	   50	   km	   between	   2	   and	   8	   km.	   	   The	   eddy	   horizontal	  advection	  term,	  Fig.	  11c,	  contributes	  to	  drying	  within	  the	  150	  km	  radius	  from	  over	  most	   altitudes,	   but	   the	   magnitude	   is	   much	   smaller	   than	   the	   mean	   horizontal	  advection	   term.	   Figure	   11d	   suggests	   that	   the	   mean	   vertical	   motion	   transfers	  moisture	  upward	  and	  tends	  to	  moisten	  the	  free	  atmosphere	  and	  dry	  the	  boundary	  layer.	   	  Different	   from	  Gaston,	   both	  mean	  advection	   terms	  are	  much	   stronger	   than	  the	   correspondent	   eddy	   terms,	   indicating	   relatively	  weak	  pouch	   relative	   flow	   and	  asymmetric	   eddies.	   	   In	   comparison	   to	   Gaston,	   the	   horizontal	   and	   vertical	   flux	  divergence	   fields	   of	   pre-­‐Fay	   bear	   more	   resemblance	   to	   those	   of	   a	   mature	   storm	  (Braun	  2006;	  Zhang	  et	  al.	  2002).	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 Fig.	  11.	  	  	  Same	  as	  Fig.	  7	  except	  for	  average	  over	  36-­‐60	  h	  in	  the	  simulation	  of	  pre-­‐Fay.	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  The	   net	   condensation	   field	   of	   pre-­‐Fay	   (Fig.	   11f)	   also	   illustrates	   a	   profile	  different	  from	  ex-­‐Gaston.	  	  The	  maximum	  condensation	  occurs	  near	  the	  pouch	  center	  and	   peaks	   around	  4	   km.	   	   At	   radii	   larger	   than	   120	   km,	   strong	   net	   condensation	   is	  confined	  above	  the	  freezing	  level	  (~	  3km),	  and	  only	  weak	  drying	  occurs	  below	  the	  freezing	   level.	   	   This	   indicates	   that	   convective	   precipitation	   is	   dominant	   near	   the	  pouch	   center	   and	   that	   the	   contribution	   from	   stratiform	   precipitation	   increases	   at	  the	   large	   radii.	   	   Furthermore,	   it	   is	   worth	   noting	   that	   the	  mean	   vertical	   advection	  term	   in	  Gaston	   (Fig.	   7d),	   despite	   generally	  positive,	   is	  much	  weaker	   and	   less	  well	  defined	  than	  that	  of	  pre-­‐Fay.	   	  Since	  the	  vertical	  advection	  term	  provides	  the	  major	  moisture	  source	  for	  the	  free	  atmosphere,	  this	  suggests	  that	  convection	  in	  Gaston	  is	  not	  sufficient	  to	  moisten	  the	  middle	  troposphere.	  Three-­‐dimensional	  trajectory	  analyses	  are	  conducted	  for	  Fay	  to	  examine	  the	  dry	  air	  pathway	  and	  evolution.	   	  Again,	  as	  will	  be	  compared	  to	  Gaston,	  this	  helps	  to	  endow	  some	  understanding	  of	  the	  impacts	  of	  dry	  air	  on	  mesoscale	  convection	  as	  it	  relates	   to	   the	   overall	   subsequent	   development	   of	   a	   tropical	   disturbance.	   Three	  scenarios	  during	  the	  evolution	  of	  Fay	  are	  examined:	  two	  at	  the	  tropical	  wave	  stage	  and	  one	  at	  the	  tropical	  storm	  stage.	  	  	  In	   scenario	  1	   (Fig.	   12ab),	  we	  evaluate	   the	   intrusion	  of	  dry	   air	   in	   the	  upper	  troposphere	  near	  7	  km	  (~400hPa)	  at	   the	  wave	  stage	  (1000	  UTC	  13	  August	  2008).	  The	  streamlines	  in	  the	  co-­‐moving	  frame	  show	  that	  the	  wave	  is	  open	  with	  extremely	  dry	  air	  (~15%)	  ahead	  (west)	  of	  the	  wave	  trough	  axis.	  	  The	  trajectory	  of	  an	  air	  	  particle	  initialized	  west	  of	  the	  low-­‐level	  pouch	  center	  shows	  that	  the	  particle	  stays	  around	  its	  initial	  level	  before	  42	  h.	  	  It	  then	  descends	  abruptly	  to	  near	  650	  hPa	  before	  
	   34	  ascending	   to	   the	   upper	   troposphere	   (~300	   hPa).	   	   The	   particle	   is	   moistened	  gradually	   prior	   to	   42	   h,	   and	   RH	   remains	   less	   than	   40%.	   During	   the	   descent,	   its	  relative	   humidity	   increases	   from	   30%	   to	   about	   90%.	   	   While	   the	   quantitative	  thermodynamic	   evolution	   of	   the	   particle	   is	   sensitive	   to	   the	  WRF	  model	   diffusion	  scheme	  and	  the	  HYSPLIT	  model	  accuracy,	  the	  trajectory	  (Fig.	  12b)	  suggests	  that	  dry	  air	  is	  transported	  to	  near	  the	  pouch	  interior	  from	  the	  upper	  troposphere.	  	  Different	  from	  Gaston,	  the	  dry	  air	  particle	   is	  moistened	  significantly	  as	   it	  descends,	  which	  is	  probably	  due	  to	  the	  more	  vigorous	  convection	  in	  Fay	  than	  in	  Gaston.	  	  	  	   In	   scenario	   2,	   six	   hours	   prior	   to	   the	   formation	   of	   the	   tropical	   depression	  (0000	  UTC	  14	  August),	  a	  dry	  air	  slot	   is	  wrapped	  around	  the	  wave	  pouch	  along	   its	  eastern	  periphery	   (Fig.	  12c).	   	  The	  HYSPLIT	   trajectory	  model	   shows	   that	  a	  particle	  initialized	  in	  the	  dry	  air	  region	  at	  ~650	  hPa	  stays	  at	  the	  wave	  pouch	  periphery	  and	  does	  not	  move	  to	  the	  pouch	  center	  region,	  similar	  to	  what	  we	  have	  seen	  in	  Gaston	  (Fig.	   5).	   The	   particle	   trajectory	   has	   reasonable	   agreement	   with	   the	   translated	  streamlines.	   	   The	   time	   series	   of	   pressure	   and	   relative	   humidity	   are	   shown	   in	   Fig.	  12d.	   	   The	   pressure	   along	   the	   particle	   trajectory	   shows	   that	   the	   particle	   descends	  gradually	   at	   first,	   but	   then	  quickly	  descends	   to	  ~800	  hPa	  near	  30	  h.	   	  The	   relative	  humidity	   is	   shown	   to	   increase	   from	   30%	   to	   50%	   in	   the	   first	   5	   hours	   and	   then	  fluctuates	  around	  60%	  in	  the	  following	  20	  hours.	   	   	  Following	  the	  30	  h,	  the	  particle	  ascends	  as	  it	  appears	  to	  be	  caught	  in	  an	  updraft,	  which	  helps	  to	  further	  moisten	  the	  particle.	  In	   a	   final	   scenario	   (Fig.	   12ef),	   dry	   air	   entrainment	   along	   the	   northwestern	  periphery	  of	  Fay	  beginning	  1000	  UTC	  15	  August	  2008,	  at	  the	  tropical	  storm	  stage,	  is	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  examined.	   	   Here,	   the	   parcel	  moves	   counterclockwise	   and	   gets	   close	   to	   the	   pouch	  center	  along	  its	  path.	  	  The	  pressure	  time	  series	  shows	  that	  the	  particle	  ascends	  fairly	  quickly	  as	   it	  gets	  caught	   in	  an	  updraft.	   	  Also	  note	   that	   the	  relative	  humidity	  of	   the	  particle	   increases	   steadily	   from	   35%	   to	   80-­‐90%,	   which	   suggests	   that	   the	   dry	   air	  entrainment	  may	   suppress	   convection	   at	   the	   pouch	   periphery	   but	  may	   not	   affect	  convection	  near	  the	  pouch	  center.	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  Fig.	  12.	   	  Trajectory	  analysis	  of	  pre-­‐Fay:	  (left)	  trajectory	  and	  streamlines	  in	  the	  commoving	  frame	  of	  reference	  superimposed	  on	  relative	  humidity;	   (right)	   time	  series	  of	  relative	  humidity	  and	  pressure	  along	  the	  parcel	  trajectory.	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  CHAPTER	  6	  CONCLUSION	  AND	  DISCUSSION	  	  A	   great	   deal	   of	   controversy	   continues	   to	   encircle	   the	   tropical	   cyclone	  community	  regarding	   the	   impacts	  of	  dry	  air	  on	   the	   formation	  of	   tropical	   cyclones,	  particularly	  with	  the	  development/non-­‐development	  of	  AEWs	  in	  the	  North	  Atlantic	  basin.	  	  In	  this	  study,	  ex-­‐Gaston	  (2010)	  and	  pre-­‐Fay	  (2008)	  were	  simulated	  using	  the	  WRF	  model	   to	   examine	   the	   impacts	   of	   dry	   air	   on	   the	   storm	   evolution.	   	   Both	   ex-­‐Gaston	   and	  pre-­‐Fay	  were	   subject	   to	  dry	   air	   entrainment	  during	   their	   lifetime,	   but	  the	   former	   failed	  to	  re-­‐develop	  after	  being	  downgraded	  to	  a	  remnant	   low,	  and	  the	  latter	   developed	   into	   a	   tropical	   storm	   despite	   lateral	   dry	   air	   entrainment	   in	   the	  middle	  troposphere	  and	  transient	  dry	  air	  intrusion	  at	  the	  upper	  levels.	  	  The	  model	  simulations	  show	  that	  ex-­‐Gaston	  is	  subject	  to	  persistent	   impacts	  of	  middle	  to	  upper	  level	  dry	  air	  intrusion,	  and	  that	  there	  is	  a	  decrease	  of	  equivalent	  potential	   temperature	   near	   the	   pouch	   center	   due	   to	   mid-­‐level	   drying.	   Three-­‐dimensional	   trajectory	   analysis	   suggests	   that	   dry	   air	   entrained	   at	   the	   pouch	  periphery	  does	  not	  penetrate	  to	  the	  pouch	  center	  due	  to	  the	  weak	  mid-­‐level	  inflow	  in	   the	  model	   simulation	   of	   Fay.	   	   Trajectory	   analysis	   also	   shows	   that	   dry	   air	   gets	  moistened	   as	   being	  wrapped	   into	   the	  wave	   pouch,	   and	   lateral	   entrainment	   in	   the	  middle	   troposphere	   thus	   may	   not	   suppress	   convection	   near	   the	   pouch	   center	   or	  prevent	   tropical	   cyclone	   development.	   	   On	   the	   other	   hand,	   backward	   trajectory	  analysis	  based	  on	  the	  simulation	  of	  Gaston	  shows	  that	  vertical	  transport	  of	  dry	  air	  from	  the	  middle-­‐to-­‐upper	  troposphere,	  where	  a	  well-­‐defined	  wave	  pouch	  is	  absent,	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  induces	  drying	  near	  the	  pouch	  center	   in	   the	   lower	  troposphere	  and	  contributes	  to	  the	  non-­‐development	  of	  ex-­‐Gaston.	  Water	   vapor	   budget	   analysis	   confirms	   the	   contribution	   of	   downward	  transport	  of	  dry	  air	  from	  the	  upper	  troposphere	  to	  mid-­‐level	  drying	  in	  ex-­‐Gaston.	  	  In	  ex-­‐Gaston,	  the	  magnitudes	  of	  the	  eddy	  moisture	  advection	  terms	  are	  comparable	  to	  those	  of	  the	  mean	  advection	  terms,	   indicating	  strong	  asymmetric	  eddies	  or	  pouch-­‐relative	   flows.	   	   In	   pre-­‐Fay,	   the	   mean	   horizontal	   advection	   and	   vertical	   advection	  terms	  are	  much	  stronger	  than	  the	  correspondent	  eddy	  advection	  terms.	   	  While	  the	  low-­‐level	   inflow	  converges	  moisture	  within	  the	  wave	  pouch	  in	  the	  boundary	  layer,	  the	  mean	  vertical	  moisture	  transport	  plays	  the	  dominant	  role	  in	  moistening	  the	  free	  atmosphere	  in	  both	  storms.	  When	  convection	  is	  suppressed	  in	  ex-­‐Gaston	  due	  to	  the	  mid-­‐level	  drying,	  the	  moisture	  supply	  to	  the	  middle	  troposphere	  is	  reduced,	  which	  further	   enhances	   the	   mid-­‐level	   drying.	   	   The	   eddy	   horizontal	   advection	   term	   also	  shows	  the	  dry	  air	  entrainment	  at	  the	  pouch	  periphery	  in	  both	  storms.	  	  As	   a	   region	   of	   approximately	   closed	   Lagrangian	   circulation,	   a	   wave	   pouch	  provides	  some	  protection	  to	  the	  moist	  convection	  within.	  On	  the	  other	  hand,	  dry	  air	  entrainment	   can	  be	   induced	  by	  mesoscale	   eddies,	   the	  pouch-­‐relative	   flow	  and	   the	  divergent	   flow	   component,	   and	   by	   vertical	   transport	   from	   the	   upper	   levels.	  	  Mesoscale	   eddies	   can	   result	   in	   lateral	  mixing	   at	   the	  pouch	  periphery	  between	   the	  pouch	  interior	  flow	  and	  the	  surrounding	  environment	  (Dunkerton	  et	  al.	  2009),	  but	  they	  may	  not	  have	  direct	  impacts	  on	  convection	  near	  the	  pouch	  center	  if	  the	  pouch	  has	  a	  moderate	  size	  and	  provides	  enough	  cushion.	  	  For	  a	  well-­‐defined	  wave	  pouch,	  the	   pouch	   relative	   flow	   is	   weak	   and	   the	   time	   scale	   of	   mid-­‐level	   entrainment	   is	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  determined	  by	   the	   radial	   inflow	   speed.	   	  As	   shown	   in	  Fig.	   8,	   the	   azimuthally	  mean	  radial	   inflow	   speed	   is	   about	   1	   ms-­‐1,	   and	   it	   thus	   takes	   about	   2-­‐3	   days	   for	   an	   air	  particle	  to	  travel	  to	  the	  pouch	  center	  as	  it	  undergoes	  cyclonic	  revolutions.	  	  This	  time	  scale	  is	  much	  longer	  than	  the	  moistening	  time	  scale	  indicated	  by	  Fig.	  6	  and	  Fig.	  11	  (a	  few	   hours	   to	   one	   day).	   	   It	   suggests	   that	   the	   circulation	   center	   is	   generally	   well	  protected	  from	  lateral	  dry	  air	  intrusion	  at	  the	  middle	  troposphere	  if	  a	  well-­‐defined	  wave	  pouch	   exists.	   	  On	   the	  other	  hand,	   the	  wave	  pouch	   is	   usually	   confined	   in	   the	  lower	  troposphere	  at	  the	  early	  stage	  of	  the	  tropical	  cyclone	  formation,	  and	  the	  flow	  remains	  open	  in	  the	  upper	  troposphere.	  	  Dry	  air	  can	  be	  advected	  directly	  above	  the	  mid-­‐level	   or	   low-­‐level	   pouch	   center	   and	   then	   transported	   to	   the	  middle	   or	   lower	  troposphere,	  which	  can	  reduce	  the	  intensity	  of	  updrafts	  near	  the	  pouch	  center	  and	  hinder	   tropical	   cyclone	   formation	   (Wang	  2011).	   	  The	  upper	   troposphere	   is	   thus	  a	  weak	  spot	  of	  the	  wave	  pouch	  at	  the	  early	  stage.	  The	   impacts	   of	   upper-­‐level	   dry	   air	   intrusion	   have	   not	   attracted	   as	   much	  attention	   as	   mid-­‐level	   dry	   air	   intrusion	   in	   the	   past,	   probably	   because	   of	   the	   low	  moisture	  content	   in	  the	  upper	  troposphere.	   	  Nolan	  (2007)	  and	  Braun	  et	  al.	   (2011)	  studied	   the	   impacts	   of	   dry	   air	   on	   tropical	   cyclone	   development	   in	   idealized	  numerical	  simulations.	  	  Nolan	  (2007)	  showed	  that	  a	  dry	  upper	  troposphere	  does	  not	  have	  significant	  impacts	  on	  tropical	  cyclone	  formation	  as	  the	  upper	  troposphere	  is	  moistened	   quickly	   by	   deep	   convection.	   In	   Braun	   et	   al.’s	   (2011)	   idealized	  simulations,	   the	   storms	   in	   all	   the	   simulations	   eventually	   intensify	   to	   the	   same	  strength	   after	   the	   free	   atmosphere	   is	   moistened	   by	   convection.	   Since	   an	  environment	  with	  zero	  mean	  flow	  was	  used	  in	  both	  studies,	  moisture	  lofted	  by	  deep	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  convection	  can	  accumulate	  and	  moisten	  the	  upper	  troposphere	  quickly.	  	  This	  setup	  is	   thus	   similar	   to	   a	   transient	  dry	  air	   intrusion	  event	   as	   in	  pre-­‐Fay.	   	  By	   contrast,	   if	  strong	   pouch-­‐relative	   flow	   induces	   persistent	   dry	   air	   intrusion	   and	   advects	   away	  moisture	   in	   the	   upper	   levels,	   the	   upper	   troposphere	   can	   stay	   dry,	   and	   deep	  convection	   can	  be	   suppressed	  and	   tropical	   cyclone	   formation	  may	  be	  hindered	  or	  prevented,	   in	   particular	   when	   the	   upper-­‐level	   synoptic-­‐scale	   forcing	   induces	  descent	   over	   the	  wave	   pouch.	   	   This	   is	   consistent	  with	   the	   observational	   study	   by	  Hopsch	   et	   al.	   (2010).	   	   Using	   the	   40-­‐yr	   ECMWF	   Re-­‐Analysis	   (ERA-­‐40)	   data	   and	  satellite	  brightness	  temperature	  between	  1979	  and	  2001,	  they	  compared	  composite	  structures	  of	  African	  easterly	  waves	  (AEWs)	   that	  develop	   into	   tropical	  cyclones	   to	  those	  that	  do	  not,	  and	  noted	  that	  the	  non-­‐developer	  composite	  has	  mid-­‐	  to	  upper-­‐level	  dry	  air	  just	  ahead	  of	  the	  wave	  trough.	  	  Based	  on	  the	  azimuthally	  averaged	  radial	  inflow	  speed,	  we	  estimated	  that	  the	  mid-­‐level	  entrainment	  time	  scale	  is	  2-­‐3	  days	  for	  a	  wave	  pouch	  of	  typical	  size.	  In	  pre-­‐Fay,	   the	  eddy	  horizontal	  advection	  term	  is	  much	  weaker	  than	  the	  mean	  horizontal	  advection	   term,	   and	   the	   azimuthally	   averaged	   radial	   inflow	   thus	   provides	   a	  reasonable	   estimate.	   	   However,	   we	   should	   not	   rule	   out	   asymmetric	   inflow.	   	   If	  asymmetric	  inflow	  is	  much	  stronger	  than	  the	  azimuthally	  averaged	  radial	  inflow,	  it	  can	  inject	  dry	  air	  into	  the	  wave	  pouch	  at	  a	  shorter	  time	  scale.	  	  The	  existence	  of	  such	  asymmetric	   inflow	   and	   its	   relationship	   with	   the	   wave	   pouch	   kinematics	   and	   the	  environmental	  flow	  warrant	  further	  study.	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